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Abstract 

In this paper we investigate electromagnetic interactions for massive spin 2 parti- 
cles in (A)dS space at linear approximation using gauge invariant description for such 
massive particles. We follow bottom-up approach, i.e. we begin with the introduc- 
tion of minimal interaction and then proceed by adding non-minimal interactions with 
higher and higher number of derivatives together with corresponding non-minimal cor- 
rections to gauge transformations until we are able to restore gauge invariance broken 
by transition to gauge covariant derivatives. We managed to construct a model that 
smoothly interpolates between massless particle in (A)dS space and massive one in a 
flat Minkowski space. Also we reproduce the same results in a frame-like formalism 
which can be more suitable for generalizations on higher spins. 
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Introduction 



It has been known since a long time that it is not possible to construct standard gravitational 
interaction for massless higher spin s > 5/2 particles in flat Minkowski space [H [2j [3] (see 
also recent discussion in [1]). At the same time, it has been shown [5j[6] that this task indeed 
has a solution in (A)dS space with non-zero cosmological term. The reason is that gauge 
invariance, that turns out to be broken when one replaces ordinary partial derivatives by 
the gravitational covariant ones, could be restored with the introduction of higher derivative 
corrections containing gauge invariant Riemann tensor. These corrections have coefficients 
proportional to inverse powers of cosmological constant so that such theories do not have 
naive flat limit. However it is perfectly possible, for cubic vertices, to have a limit where both 
cosmological term and gravitational coupling constant simultaneously go to zero in such a 
way that only interactions with highest number of derivatives survive [5] . Besides all, it 
means that the procedure can be reversed. Namely, one can start with the massless particle 
in flat Minkowski space and search for non-trivial (i.e. with non-trivial corrections to gauge 
transformations) higher derivatives cubic s — s — 2 vertex containing linearized Riemann 
tensor. Then, considering smooth deformation into (A)dS space, one can try to reproduce 
standard minimal gravitational interaction as a by product of such deformation. Recently 
we have shown that such procedure is indeed possible on the example of massless spin 3 
particle [7] using cubic four derivatives 3 — 3 — 2 vertex constructed in [8] (see also [9] where 
this vertex was reconsidered and an appropriate one for s = 4 case has been constructed). 

Besides gravitational interaction one more classical and important test for any higher 
spin theory is electromagnetic interaction. The problem of switching on such interaction 
for massless higher spin particles looks very similar to the problem with gravitational in- 
teractions. Namely, if one replaces ordinary partial derivatives by the gauge covariant ones 
the resulting Lagrangian loses its gauge invariance and this non-invariance (arising due to 
non-commutativity of covariant derivatives) is proportional to field strength of vector field. 
In this, for the massless fields with s > 3/2 in flat Minkowski space there is no possibility 
to restore gauge invariance by adding non-minimal terms to Lagrangian and/or modifying 
gauge transformations. But such restoration becomes possible if one goes to (A)dS space 
with non-zero cosmological constant. By the same reason, as in the gravitational case, such 
theories do not have naive flat limit, but it is possible to consider a limit where both cosmo- 
logical constant and electric charge simultaneously go to zero so that only highest derivative 
non- minimal terms survive. Again it should be possible to reproduce standard minimal e/m 
interaction starting with some non-trivial cubic higher derivatives s — s — 1 vertex containing 
e/m field strength and considering its smooth deformation into (A)dS space. An example of 
such procedure for massless spin 2 particle has been given recently in [10], while candidate 
for appropriate s — s — 1 vertex was given in [9]. 

In all investigations of massless particles interactions gauge invariance plays a crucial role. 
Not only it determines a kinematic structure of free theory and guarantees a right number 
of physical degrees of freedom, but also to a large extent it fixes all possible interactions of 
such particles. This leads, in particular, to formulation of so-called constructive approach 
for investigation of massless particles models [TH E2l EES! El El [151 [161 EH ES M ■ I n this 
approach one starts with free Lagrangian for the collection of massless fields with appropriate 
gauge transformations and tries to construct interacting Lagrangian and modified gauge 
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transformations iteratively by the number of fields so that: 

£ ~ C + d + C 2 + ■ ■ ■ , 5 ~ 5 + Sx + 5 2 + . . . 

where C\ — cubic vertex, C 2 — quartic one and so on, while 5\ — corrections to gauge 
transformations linear in fields, 5 2 - - quadratic in fields and so on. In-particular, such 
approach allows one to consistently reproduce such physically important theories as Yang- 
Mills, gravity and super gravity. 

It is natural to suggest that in any realistic higher spin theory (like in superstring) most 
of higher spin particles must be massive and their gauge symmetries spontaneously broken. 
But common description of massive fields does not possess gauge invariance. Instead, it 
requires that some constraints must follow from equations of motion excluding all unphysical 
degrees of freedom. In this, at least two general problems appear then one tries to switch 
on interactions. First of all, a number of constraints could change thus leading to a change 
in the number of degrees of freedom and reappearing of unphysical ones. Secondly, even if 
a number of constraints remains the same as in free theory, interacting theory very often 
turns out to be non-causal, i.e. has solutions corresponding to super-luminal propagation 
[2"2" | |2"5 ] l2T) j |2"? 1 I2"3" j |2"%] . It is hard to formulate one simple principle for constructing consistent 
theories with such particles. A number of different requirements, such as conservation of 
right number of physical degrees of freedom, smooth massless limit, tree level unitarity and 
causality, was used in the past p^j 1201 f2T| 1251 [26j I2TL [23112^] . 

There exist two well known classes of consistent models for massive high spin particles, 
namely, for massive non-Abelian spin 1 particles and for massive spin 3/2 ones. In both cases 
masses of gauge fields appear as a result of spontaneous gauge symmetry breaking. One of 
the main ingredients of this mechanism is the appearance of Goldstone particles with non- 
homogeneous gauge transformations. This, in turn, leads to the gauge invariant description 
of such massive spin 1 and spin 3/2 particles. But such gauge invariant description of 
massive particles could be constructed for higher spins as well. There are at least two 
basic approaches to such description. One of them is based on the powerful BRST method 
[28j [291 [3Ql [311 E21 [33]. Another one appeared as an attempt to generalize to higher spins 
a mechanism of spontaneous gauge symmetry breaking [3U [351 ES EI] (see also [381 ESI 
HOI SH H21 H3] ) . In such a breaking a set of Goldstone fields with non- homogeneous gauge 
transformations appear making gauge invariant description of massive gauge fields possible. 
Such gauge invariant description of massive fields works well not only in flat Minkowski 
space-time, but in (anti) de Sitter space-times as well. All that one needs to do is to replace 
ordinary partial derivatives with the covariant ones and take into account commutator of 
these derivatives which is non-zero now. In particular, this formulation turns out to be 
very convenient for investigation of so-called partially massless theories which appear in de 
Sitter space [IU 0S1 HH1 ESI S3 EE]- The mere existence of gauge invariant formulation for 
massive higher spin particles allows us to extend the constructive approach for any collection 
of massive and/or massless particles, see e.g. [351 HH1 EH U\- 

In a gauge invariant formalism the problem of switching on gravitational or electro- 
magnetic interactions for massive particles looks very similar to that for the massless ones. 
Namely, introduction of minimal interactions by the replacement of ordinary partial deriva- 
tives by the covariant ones spoils the invariance of the Lagrangian under gauge transforma- 
tions. Having at our disposal mass m as a dimensionfull parameter even in a flat Minkowski 
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space we can try to restore broken gauge invariance by adding to the Lagrangian non- 
minimal terms containing the linearized Riemann tensor (e/m field strength) as well as 
corresponding non-minimal corrections to gauge transformations. Naturally such terms will 
have coefficients proportional to inverse powers of mass m so that the theory will not have 
naive massless limit. However, it is natural to suggest that there exists a limit where both 
mass and gravitational coupling constant (electric charge) simultaneously go to zero so that 
only some interactions containing Riemann tensor (e/m field strength) survive. In this, an 
interesting and important question is the relation between flat space limit for massless par- 
ticles in (A)dS space and massless limit for massive particles in flat Minkowski space. To 
understand such relation (if any) it is important to consider general case — massive particles 
in (A)dS space with arbitrary cosmological constant. 

The first step towards the construction of gravitational interactions for massive spin 3 
particles was performed in [7J, while in the Section 1 we give simple but illustrative example 
of electromagnetic interactions for massive spin 3/2 particles. The main purpose of this 
paper is to investigate electromagnetic interaction for massive spin 2 particles in (A)dS 
space. In Section 2 we begin with the metric-like formulation where the main gauge field 
is a symmetric second rank tensor h^ iu ^, while vector and scalar (p fields play the role 
of Goldstone ones. We follow the bottom-up approach, i.e. we begin with the introduction 
of minimal interaction and then add non-minimal terms with higher and higher number of 
derivatives until we are able to restore broken gauge invariance. The first such possibility 
arises when we add to the Lagrangian terms with two derivatives as well as one derivative 
corrections to gauge transformations. Such a model gives a generalization of our previous 
results [35] to the case of arbitrary (A)dS space. But it turns out that for any non-zero 
value of cosmological constant such model is singular in the massless limit. So we proceed 
with three derivatives vertices in the Lagrangian and two derivatives corrections to gauge 
transformations. Among all solutions there is one unambiguous model having non-singular 
massless limit. In this model we obtain the following relation for the electric charge, mass 
and cosmological constant: 

d 3 

eo = -a [m 2 - n(d - 2 )]^7^ 

where a — coupling constant for main three derivatives vertex having dimension 1/m 2 . Let 
us stress that that the main three derivatives 2 — 2 — 1 vertex is exactly the same as in [10J, 
so such model indeed smoothly interpolates between massless particle in (A)dS space and 
massive one in a flat Minkowski space. 

As is well known, basically there are two approaches for description of gravity theory - 
metric one, where the main object is symmetric metric tensor g^, and tetrad one with tetrad 
e M a and Lorentz connection uj^. These two approaches admit natural generalization for 
description of higher spin particles. Generalization of metric approach has been constructed 
in [511 E2l E3j EU [551 ES], while generalization of tetrad approach, the so-called frame-like 
formalism, has been constructed in [53 EU [59] (see also [HSEIllaSiSllMlllIlElESlEni 
[671 [681 l69l 170]). In Section 3 we reproduce the results of previous section using frame-like 
gauge invariant formulation for massive particles in (A)dS space [3"9"l 157] . The main reason 
is that frame-like formulation being elegant and geometric in nature could be more suitable 
for generalizations on higher spins. 
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1 Example with spin 3/2 

In this section as a simple but instructive example we consider electromagnetic interac- 
tions of massive spin 3/2 particle (see also [231 [21] )• We will work in general (A)dS± space 
with arbitrary cosmological constant and use the following conventions on (A)dS covariant 
derivatives acting on spinors: 

To construct a gauge invariant description for massive spin 3/2 particle we need vector-spinor 
as well as spinor x- It is easy to check that the following Lagrangian: 

j _ i * M - F\ - 

C = -e^*^ 5ju D a *p + - X D X + y V"** + iy-m(* 7 )x + M XX (2) 

where D = 7 M -D^, M = \Jm 2 — k, is invariant under the following local gauge transforma- 
tions: 

= D^r] - % -^liJ} Sox = \^ mr l (3) 
Recall that in a de Sitter space (k > 0) we have unitary forbidden region m 2 < k (see e.g. 



Now let us introduce minimal electromagnetic interaction. We prefer to work with Ma- 
jorana spinors so in what follows we will assume that all spinor objects are doublets: 



X 2 ) ' X ~ ( X 2 ) ' V ~W 



Thus we replace (A)dS covariant derivatives by the fully covariant ones: 

D„ V„ = Dp + e qA^ q = ( ^ J ^ , q 2 = —I (4) 

As usual such replacement breaks the invariance of the Lagrangian under the local gauge 
transformations and we obtain: 

5 C = ieoVtfF^ysw, = X -e^F afi (5) 

So we will try to restore broken invariance (at least in the linear approximation) by adding 
to the Lagrangian the most general non-minimal terms, containing electromagnetic field 
strength: 



A = A a 1 F^ + a 2l5 F^ + a 3 g^(aF)+a 4 (F^a a v + a^F a v ) q* u + 



1 

2 

+i* lt (a B F>» + a 6l5 F^)luqX + y M^)x (6) 
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as well as the most general corrections to gauge transformations: 

Si^ff, = iq(a 1 F^ lu + a 2 ^F^ u 7] 8i X = qa 3 (aF)r] 

5iA^ = a^^qrf) + ia 5 (xi^Qv) ( 7 ) 

First of all we calculate all variations with two derivatives and require their cancellation. 
Simple calculations give: 

0-2 — Oil, Q-i = 2cti, Q5 = — 2q;3 

a,i = —a,2 = — 2«i, a 3 = 04 = 0, a 5 = = —2a 3 

In this, non-minimal Lagrangian and appropriate corrections to gauge transformations take 
the form familiar from supergravity models: 

& = -ai^OF"" - iBF^qVu + ia 3 ^^aF)-fq X + yX?(^)x (8) 

S^f, = — —q(aF)^^ri 8 x x = qa 3 (aF)i] 

= 2a 1 (^/^ l qr]) -2ia 3 (xi f iQV) (9) 

At last cancellation of variations with one derivative (taking into account term coming from 
the introduction of minimal interactions) gives: 

r AM 
eo = 2oi\M + 2v 60:3m, a-j = -= — a 3 

A few comments are in order. 

• If we calculate a commutator of two gauge transformations we obtain e.g.: 

[Si, 5 2 }A^ = -Ai{ ai 2 + 2a 3 2 )(rf 2 Yvi)F^ (10) 

This means that for non-zero value of electric charge eo any such model must be a part 
of some (spontaneously broken) supergravity theory. 

• From the supergravity point of view the meaning of two parameters a x and 0:3 is clear: 
in the most general case our vector field can be a linear combination of graviphoton 
(with vector-spinor ^ as a superpartner) and some vector field from vector supermul- 
tiplet (with spinor superpartner). 

• From the expression for the parameter a 7 above, one can see that in general there 
is an ambiguity between massless and flat limits (see also [Z2])- Indeed, in the flat 
Minkowski space we obtain aj = —Aa 3 /\/6 and nothing prevents us from considering 
massless limit m — > 0. But for any non-zero cosmo logical constant the expression for 
a-j is singular in the massless limit. 

• The most simple model free from such ambiguity is the case a 3 = 0, i.e. our photon is 
a pure graviphoton. In this case an effective electric charge is given by e = 2a.\M so 
that it becomes equal to zero exactly at the boundary of unitary allowed region. 
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2 Metric-like formalism 



In this section we consider electromagnetic interaction for massive spin 2 particles in (A)dSd 
space with arbitrary cosmological constant using metric-like gauge invariant formalism [36J. 
We need three fields: symmetric second rank tensor h^ u , vector and scalar ip ones. As 
is well known, even for massless spin 2 particles in (A)dS space gauge invariance requires 
introduction of mass-like terms into Lagrangian. So in what follows we will organize the 
calculations just by the number of derivatives. For example, gauge invariant Lagrangian for 
free massive spin 2 particle will be written as follows: 

£o = £02 + £oi + £oo 

where first index '0' means free (quadratic in fields) theory, while the second one denotes a 
number of derivatives. Note also that due to non-commutativity of (A)dS covariant deriva- 
tives there is some ambiguity in the structure of kinetic terms for massless spin 2 particle. 
We will use the following concrete choice: 

C02 = ^D a h^D a h^-^D a h^D,h ua -^(Dhr(Dh), + (DhrD,h-^hD,h- 

-\{D»B U - D v B,f + ^f^W) 2 (11) 

£ 01 = 2m(h^D fl B u - h(DB)) + 4( ^~ ^ (DB)<p (12) 

M 2 /1IIU , ,„, 2(d-l)mM 7 2d(d-l)m 2 7 , , , „ 
^oo = - — {hTh^-h 2 )- K d _ } 2 hp+ K ' <p 2 -Md-lW (13) 

where M 2 = m 2 — n(d — 2). Recall that in de Sitter space (k > 0) we again have unitary 
forbidden region m 2 < n{d— 2). Similarly, the gauge transformations leaving this Lagrangian 
invariant will be written as follows 

5o = Sqi + Soo 

Sox V = D i*& + D ^ 5 oi^ t = D^X (14) 

2/77, 

Smhuv = -f—^9fiu^, SooBf, = m£ M , 5 00 <p = MX (15) 

where again first index '0' means initial (non-homogeneous) gauge transformations, while 
the second one denotes a number of derivatives. As for the (A)dS covariant derivatives in 
this section we will use the following normalization: 

2A 

[£> M , D u ] Va = R^apv 13 = -K{g m v v - g» a v^), k = l)(rf-2) ^ 

Recall that one of the nice features of gauge invariant formulation for massive fields is 
that it admits a smooth massless limit. Indeed, if we consider the limit m —>■ for non- 
zero value of cosmological constant the total Lagrangian decomposes into the sum of free 
Lagrangians describing massless spin 2 and massive spin 1 particles (or into the sum of 
massless Lagrangians for spin 2, 1 and particles in flat case). In this, total number of 
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physical degrees of freedom remains the same as in massive case. Note that working with 
such description one is often used to "eliminate" additional fields by simply setting them to 
0. Such procedure may be useful as a simple and quick way to check the number of degrees 
of freedom and we will use it in the Conclusion to show that interacting model constructed in 
this paper does have correct number of degrees of freedom. Let us stress however that such 
simplified procedure does not "commute" with taking massless limit. Indeed, if we simply 
set vector and scalar fields to and then consider massless limit we will get massless spin 2 
theory without any trace of other degrees of freedom. As usual in any gauge invariant theory, 
the rigorous way consists of complete analysis of all first class constraints and appropriate 
gauge fixing. 

Now let us introduce minimal electromagnetic interaction. First of all we add to our 
Lagrangian usual kinetic terms for e/m field: 

£o =>■ £o _ ^-f ? fMu 2 

We prefer to work with real fields so we will assume that all our fields are real doublets h^ 1 , 
and ip l where % = 1,2. Thus we replace all derivatives in the Lagrangian and gauge 
transformations by fully covariant ones: 

As usual such replacement spoils the invariance of the Lagrangian under gauge transforma- 
tions: 

5 C = eoe^i-SF^D^hJ - 3(Dh)^F^ a + ZDJCF^ - h^D^F va - (DF)^ + 

+ {DF) a h l - AmBjF^J + e e ij B^F^ (17) 

where F^ = D^A V — D U A^. 

So we will try to restore broken gauge invariance by adding non-minimal terms contain- 
ing e/m field strength F^ v to the Lagrangian as well as appropriate corrections to gauge 
transformations. The simplest possibility is to add all possible terms with one derivative: 

Ai = e^F^h^hJ + a 2 B;BJ] (18) 

as well as the most general corrections to gauge transformations without derivatives: 

5 10 A„ = + a 2 h%* + cwV + ^B;\ j \ (19) 

but it could be easily checked that it is impossible to achieve gauge invariance by adjusting 
parameters a ij2 and 0:^2,3,4. 

Thus we proceed by adding all possible two derivatives terms to the Lagrangian: 

C 12 = e^F^hD^KjBj + b 2 {Dh);Bj + b 3 D fjl h i B„ j + 
+b 4 h i B fX J + b^h m l D v Bj + \h m l D a Bj + 
+b 7 D^Bj + b s B^^} (20) 
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where B^ v l = D^Bj — D V B^ as well as the most general corrections to gauge transforma- 
tions with one derivative: 

8 11 B ll i = /3 e ij F^J 

5 11 A fM = e i 1\J3 1 D lt B v i & + faD v Br%t + fc{DB)%* + 

+ PsBSD^J + P 6 Bj(D£Y + 
+ Pl (Dh)j\* + piDph'X + PsD^X + 
+p*hr, i D„\i + pstiD.Xi + p^D^} (21) 

Note that due to gauge invariance of the free Lagrangian gauge transformations in this 
linear approximation are defined up to possible field dependent free gauge transformations 
5A^ ~ D^X only. In other words, gauge transformations are always defined up to possible 
redefinitions of gauge parameters. In linear approximation for massless fields the choice made 
does not change anything, though for massive fields the structure of gauge transformations 
for Goldstone fields does depend on the choice made. In what follows we will always use all 
possible redefinitions of gauge parameters to bring gauge transformations to as simple form 
as possible. Here we will use this ambiguity to set f3$ = P2 = P3 = 0. Also recall that any 
interaction Lagrangian where the number of derivatives is greater or equal to that of free 
Lagrangian is always determined up to possible field redefinitions. For the case at hands 
such redefinitions have the form: 

=r- Afj, + e^KxhyjBj + K % tiBj + K^Bj] 

In what follows we choose p± = p$ = p§ = 0. First of all we consider variations with three 
derivatives and require their cancellation: 

^01^12 + 5 U C 2 = 

This allows us to express all parameters b, (3 and p in terms of one main parameter (3q\ 
h = b 2 = b 3 = 0, & 4 = -y, & 5 = -2/?o, h = 2fo, b 7 = 

A = -fa = 2/3 , P 3 = At = 0, pi = 

Then we add terms with one derivative ffl8|) to the Lagrangian as well as corrections without 
derivatives ( 1T91) to the gauge transformations and require cancellation of variations with two 
and one derivative: 

^01^11 + ^00^12 + + ^loA)2 — 

<5oo£n + <5ii£oo + 5k)£oi = 
taking into account terms (117}) coming from the introduction of minimal e/m interactions. 

2{d- l)e M 
(d - 2)m 2 

4e (m 2 - K(d - 1)) 
m 2 



vve uuiciiii. 



Po = ~ 



eo 
m ' 



a i 



e 



2a 2 = — «4 
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ai = — 2eo, «2 = 0, «3 = 26 8 ^ 

Collecting all results we see that gauge invariance broken by the introduction of minimal 
e/m interaction could be restored (in linear approximation) with the introduction of the 
following non-minimal terms: 

A = -—e ij [h^B„jF va -h i B^F llu }+b 8 eV<p i B tl jF tiV + 

+e ij F flu [^h m i h u J + a 2 BjBj\ (22) 

supplemented with the following corrections for gauge transformations: 



5iBj = -±^F^J 



m 

2e 



M„ = e«[— ^S^V - 2e VV + 2& 8 m^V + «4^/A J ] (23) 

In the flat space limit (k = 0) these results agree (up to slightly different field normalization) 
with our previous results in [35] thus providing their generalization into (A)dS space. But 
from the expressions for the parameters b$ , a 2 and 014 above one can see that for any non- 
zero value of cosmological term k such model is singular in the limit m — > 0, eo — > 0, 
e /m = const. Besides flat space limit there is only one non-singular case corresponding to 
so-called partially massless spin 2 particles [IU H5J HB1 EE] • Indeed, if one put m 2 = n(d — 2) 
the scalar fields (p l completely decouple. The free Lagrangian for such particle has the form: 

C = ^{D^hjD^ - {Dh)j{Dh)j - D^hjd a h^ + 2{Dh)jD ll h i - D^D^} - 

—B^B^ + 2m[h llv i D il Bj - h\DBf\ - 2«(d - \)B*B* (24) 
being invariant under the following gauge transformations: 

2/77, 

So Kv = + D v £; + jz^9^X\ SoB^ = D^X + (25) 

In this, non-minimal interactions which are necessary to restore gauge invariance after in- 
troduction of minimal e/m interaction look like: 

Ci = -^e^[h^B,jF ua - \WB^F^\ + F^h^hJ - f^BJBJ] (26) 

while appropriate corrections to gauge transformations have the form: 

5 x Bj = ——e ij F^J, M„ = ^'[-— - e h^J + -^-B^X] (27) 
m m a — 2 

Let us return back to the general case — massive theory in (A)dS space with arbitrary 
cosmological term. As we have recently shown [10] to obtain e/m interactions for massless 
spin 2 particles in AdS space one needs non-minimal interactions with three derivatives. 
So it seems natural to suppose that to construct massive theory having non-singular limit 
m —>■ one has to consider all possible corrections up to three derivatives as well. 
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We begin with the three derivatives vertex that played crucial role for the massless theory 

M- 

£ 13 = a a eijF^ u [—D ^h a p l D a hpJ — -D a hp^D a hpJ + D a hp^ l Dph a J + 
+ l -D tM h a ^D v hJ - D^h ua \Dh)J - l -{Dh);{Dh) u i + 
+ (Dh);D u h 1 + DphujDah? - ^Dnh'DvhP] (28) 
together with appropriate corrections to gauge transformations: 

SvihfJ = a e ij ^{F m D {a £ v] i + F ua D [a £/) + ——g^F^D^] 
SnAp = aoeijDah^D^p] 3 (29) 

Here a — parameter having dimension 1/m 2 . But now we have vector BJ and scalar (p l as 
well, so we have to consider possible non-minimal terms containing these fields too. We have 
found two possible corrections for three derivatives vertex. One of them contains tensor h^J 
and scalar if 1 fields with the Lagrangian: 

A 1 C 13 = b^F^D^KjD^ + {Dh)jD v ^ - DflDrf] 

with non-trivial corrections to gauge transformations: 

A5 12 A, = boe^D^j - D^Drf , <W = ^"^W ^D^ 

The other one is constructed out of gauge invariant field strengths and does not require any 
corrections to gauge transformations: 

A 2 £ 13 = ^F^B^Bj 

Here both 6 an d Cq — parameters having dimension 1/m 2 . 

Now we repeat all calculations starting with the highest derivatives terms. The structure 
of three derivatives vertex and two derivatives gauge transformations is already adjusted 
so that all variations with four derivatives cancel, but due to non-commutativity of (A)dS 
covariant derivatives they give terms with two derivatives 

5 01 C 13 + 5 12 C 02 = 2oo«e y [(d - A)F^D fl h ua i + (d - Z){{Dh)j - D^F^J + 

+2b n(d - QD^F^tJ (30) 

which we have to take into account later. Then we add to Lagrangian terms with two deriva- 
tives (1201) and corrections to gauge transformations (1211) with one derivative and calculate all 
variations with three derivatives. First of all their cancellation requires that three parameters 
do, bo and Co satisfy a relation: 

m[a {d - 4) - c {d - 2)] + Mb (d - 2) = 
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Once again we face an ambiguity between flat space limit and massless limit. Indeed, in a 
flat space (k = 0, M = m) we obtain bo = —a (d — 4)/(d — 2) + cq for any mass value m, 
while for the non-zero cosmo logical term 6 — > for m — > 0. We have explicitly checked that 
solution exists for arbitrary values of do and Co, but in what follows we consider unambiguous 
case 6o = 0, Co = ^zf a o only In this, all variations with three derivatives cancel provided: 

2aom(d — 4) 2aom(d — 3) 

61 = d^2~~ ' 62 = = ^2~ ' 

&4 = -y, h = -b 6 = -2f3 Q 

A = -ft = 2/3 , A = -ft = 
but again non-commutativity of (A)dS covariant derivatives leaves us with: 

^01^12 + (500^13 + (Ul^-02 + 012^01 = J— ~ E J B ^ t & (31) 

At last we add to the Lagrangian terms (fl"8l) with one derivative and corrections to gauge 
transformations ( fl9l) without derivatives and calculate all variations with two and one deriva- 
tive taking into account terms (1TT1) coming from introduction of minimal e/m interaction and 
terms fl30|) and fl3T|) due to non-commutativity of covariant derivatives. Their cancellation 
allows us to express all parameters in terms of two main one: a§ and ft. We obtain: 

a M 2 /3 m 
ttl = ~2{d-2) ~ ~Y~ 

2a [m 2 (d - 3) + k] 2ft [m 2 - n(d - 1)] 



a 2 



d — 2 m 



2O0M 2 4ftM(cT 
oc\ = — — — + 2(j Q m, a 3 - 



d-2 ' ' d-2 
Aa M 2 4ft[m 2 - n(d - 1)] 
" 4 ~ ~(rf-2) 2 + m 

a M(d -l)(d- 4) 2ftM(d - 1) 



(d-2) 2 m(d-2) 

a M 2 (d-3) 

e = — Pom 

d — 2 

We see that all parameters get independent additive contributions from our two main pa- 
rameters a and ft. As a result for any non-zero value of ft part of the parameters turn out 
to be singular in the massless limit. The only model that has non-singular massless as well 
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as flat space limits is the one with (3q = 0. The complete cubic vertex for such model has 
the form: 



-D^hapDahpJ — -Daflp^DahpJ + Daflp^DphaJ + 

+ l -D^hjD v h a ^ - D^hJ{Dh)J - l -(Dh);(Dh)J + 



2m 



2~ ' 2{d-2)" m w 

[{d - A)D li h va i Bj + (d- 3)(Dh)jBj - (d - 3)D^h l BS] 

M 2 



d-2 

M{d- l)(d-4) 

2[m 2 (d-3) +k] 
d-2 



B l B j 



-h 7? J 
2(d-2) " Q va 



(32) 



while non-minimal corrections to gauge transformations look like: 

2 777, 

SxAp = aoEijiDah^D^pf + ——BJD^f + 



d-2 ^ 



AM 2 ■ . 



(33) 



6ih 



Thus this model is a straightforward and relatively simple generalization of our model [TU] 
for the massless particle in (A)dS space for the case of non-zero mass m, in this the same 
cubic three derivatives vertex plays the main role. Note also that in such model effective 
electric charge eo = —a [m 2 — n{d — 2)](d — 3)/(d — 2) becomes equal to zero exactly at the 
boundary of unitary allowed region. 



3 Frame- like formalism 

In this section we reproduce the results of previous one using frame-like gauge invariant for- 
mulation for massive spin 2 particle in (A)dS space [3HJ EZj- Such formulation being elegant 
and geometric could be more compact and more suggestive for possible generalizations on 
higher spins. 

For the frame-like gauge invariant description of massive spin 2 particle one needs three 
pairs of physical and auxiliary fields: (^ afe , h^), {C ab , B^) and (7r a , tp). The Lagrangian 
for the free massive spin 2 particle has the form: 

£o = \{ZX c ^ bc + \c ah 2 -\{Z)C ab D,B u - 

- d 7 l , n a 2 + 4^ { K a D^ 
2{d-2) a d-2 1 aI ^ 
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+j K £} + { C« b h b ] - d j-^M { n"B, + 

+ ^ { Z) W " { y v + |^™V (34) 

where { ^} = e^ a e u b — e M &e" a an d so on > being invariant under the following set of initial 
gauge transformations: 

in hi 2 

5 B^ = D^ + m^, 5 C ab = -2m V ab , (35) 
5 ip = M£, 5 ir a = -mMC 

where M 2 = m 2 — n(d — 2). 

Using frame-like formulation in linear approximation one is always face an ambiguity 
related to the fact that there are terms in the Lagrangian and gauge transformations which 
differ by terms proportional to algebraic equations for auxiliary fields (ou IJ ab , C ab and it a 
for the case at hands). Any such Lagrangians are equivalent in this approximation but if 
one goes beyond linear level things could be more complicated or simpler depending on the 
choice made. In what follows we will use a kind of l| order formalism very well known from 
supergravity. Namely, we will not consider any corrections to gauge transformations for 
auxiliary fields uj^ ab , C ab and 7r a (usually they have the most complicated form), instead we 
will require that all variations in the linear approximation cancel up to the terms proportional 
to their free algebraic equations only. The solutions of these free equations have the form: 



C ah = D [a B h] - mh [ah] , vr a = D a ip - MB a 

u a ,bc = - [T a b, c — T aCtb — T bCja \ — - — ^ [g a bB c — g ac Bb] 

where T^ u a = D^h u a — D u h^ a . Using these solutions one can easily derive a number of 
identities which will be useful in what follows: 



D[ a 7v b ] = -MC ah - mMh[ ab ], D [a C bc ] = -2mD [a h bc ] 
m M 2 

Rab,cd — Rcd,ab — j _ 2 ySac^bd — •••] + ^ _ ^ [ffacfybrf] ~ • • -J 
Rab — Rba = 'mCab + M 2 h[ ab ] 

Here R^ u ab = D il uj v ab — D v uj^ h ', R ab = R ac ,b c , while dots denote antisymmetrization on ab 
and cd. 

Let us turn to the electromagnetic interactions. Here we also will work with real fields 
assuming that all of them are doublets now. First of all we introduce minimal interaction 
replacing all (A)dS covariant derivatives in the Lagrangian and gauge transformations by 
fully covariant ones, e.g.: 
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As usual such replacement spoils the invariance of the Lagrangian under gauge transforma- 
tions: 



SC = —e ij { [u^ bci F bc C j + 2uj^ abi F bc C j + h™F bc r] bcj + 2h li hi F hc r] caj \ + 
e 



+ ^e l3 F ab C ab i e (36) 

Then we proceed reconstructing three derivatives vertices in a frame-like formalism. The 
main vertex that plays crucial role for massless particle can now be written as follows [10J: 

£ 13 = f?° e *i { (£} [u/^F^u^ + u^F^u^i - Au^F^uJ" 3 * - u^ cdl F ab u u cdl ] (37) 
8 

while appropriate corrections for gauge transformations have the form: 

hh* = ~eV[FfyW + rj V F b* + _^ e f( Fr} y] 

M„ = ^u^if* (38) 

In this, the structure of the Lagrangian and gauge transformations is already adjusted so 
that variations with highest number of derivatives cancel, but due to non-commutativity of 
(A)dS covariant derivatives we obtain: 

^[-l F - b (R abj J - R^J)^ + F°*{Rj - R ba l )ri bc] ] = 

= 2 f d ~_\f ^ j [™C<* i F ac V bQj + M 2 h[ ab ] i F ac r] bcj } (39) 

where in the second line we have used identities given above. 

Analogously, for the second three derivatives vertex frame-like Lagrangian and corrections 
to gauge transformations become: 

Ai£i 3 = b e ij { £} [2o; M a6i F 6c 7r cj - 2u bci F a \ ci + uj bci F bc ix a ' 3 \ (40) 

AM„ = -2& £% a V% 5 1 <p i = b °f~^ ^(F V y (41) 

while the no n- invariance related with non-commutativity of (A)dS covariant derivatives looks 
like: 

- 2b e^7 1 aM F bc D [a 7T c f = 2b Me ij V abi F bc [Cj + mh [ac f] (42) 
where we again used identities given above. At last the third vertex takes the form: 

A 2 £ 13 = c e^F ab CjC b J (43) 

Now we turn to reformulation of two derivatives vertex. The most general Lagrangian 
can be written as follows: 

C 2 = e ij { [ ai h^F bc C bci + a 2 h^F ac C bcj + a z h bi F bc C acj \ + 

W j { Z) uj^F^BS + a^^F^CJ (44) 
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while the most general form of corrections to gauge transformations looks like: 

S 1 A fl = e^a^Bj + ^C.J^l 8 x Bj = F fl „C J (45) 

First of all we calculate variations under the ^-transformations and require their cancellation. 
This gives: 

a 2 = ^3 = — 2ai, «2 = — 2ai, «3 = — ACL\ 
and leaves us with non-invariance of the form: 

a^daCbJlF^ - 2F a X hj ] = -Ima^ { cJ M bci [2F a ^ cj + F bc £ aj ] (46) 

where we again used identities given above. As for the invariance under the //-transformations 
it requires firstly: 

04 = 0, a\ = 

It could seems that the absence of term in the Lagrangian and oti term in the gauge 
transformations contradicts with metric-like formulation of previous section. But in the 
transition from frame-like to metric-like formalism one has to solve algebraic equations for 
the auxiliary fields, e.g. for uj field we get u ~ Dh © mB, so that appropriate terms are 
already contained in (|37|) and (|38|) . Secondly, we again obtain a relation 

d - 4 

ma + 8mc = 4M6 

a — 2 

having an ambiguity between flat space and massless limits. As in the previous section, in 
what follows we restrict ourselves with the unambiguous case 60 = 0, c$ = — 4 2 ) «o only. 
At last we add to the Lagrangian the most general terms with one derivative: 

A = e ij { Z) [ciK ci F ah h^ + c 2 B;F ab BJ] + c 3 e ij { £} h, bl F ab ^ (47) 

as well as corresponding corrections to gauge transformations: 

8 A, = ev [A + P2 <P< V + /We] (48) 



Then we calculate all remaining variations taking into account all terms in (1361) . (1391) . (1421) 
and f|46|) . This gives: 

a M 2 (d-3) a M 2 4(d - 1) 

e = — h 2mai, c x = -— — — + maj, c 3 = — - — —Mai 

a — 2 4(a — 2) a — 2 

a M 2 m 2 -/<d-l) a M(d- l)(d-4) 2(d-l)Ma! 

° 2 ~ 2(d-2) 2 + m aU a5 ~ 4(rf-2) 2 + m(d-2) 

/?i = -4ci, /? 2 = c 3 , /3 3 = -4c 2 

Exactly as in the previous section we see that all parameters get independent additive contri- 
butions from two main parameters a® and a±. In this, for part of the parameters contribution 
from a,\ turns out to be singular in the massless limit. So we choose simplest case a\ = 
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admitting non-singular limit eo — > 0, m — > 0, cq/M 2 = const. In this case complete non- 
minimal vertex has the form: 



C x = —e ij { [u lt M F cd u v c * i + uo^ cdi F cd uj v ah3 - Au^F^uJ* - u^Fabu 
8 

" 1 a^F^CjCj - ^ ~ X ) (d ~ 4) a Me ij ^F"*Cj + 



cdjl 



8(d-2) u ac oc 4(d-2 

a M 2 ■ • ^ cinabi ci 2 



, ( f/ 2) ^' { £} K'F^h* - j-^B;F« b B u i] (49) 
while corresponding corrections to gauge transformations look like: 

5iK ai = -^ lJ [F^ baj + V» bJ F ba + j^e^(F V y] 
S 1 A tl = ^u^i + ^e^T j - ^Bj?] (50) 
Recall that in this case effective electric charge is 

so that it becomes equal to zero at the boundary of unitary allowed region m 2 = n(d — 2). 

Conclusion and discussion 

We have shown that for massive spin 2 particles in (A)dS space with arbitrary cosmologi- 
cal constant it is indeed possible (at least in the linear approximation) to switch on mini- 
mal electromagnetic interactions supplemented by non-minimal ones containing up to three 
derivatives together with corresponding non-minimal corrections to gauge transformations. 
We use gauge invariant formulation for such massive particles which works equally well both 
in flat Minkowski space as well as in (A)dS spaces. This allows us to construct a model 
that smoothly interpolates between massless particle in (A)dS space [10J and massive one in 
flat Minkowski space. Indeed, the relation eo ~ ao[m 2 — n(d — 2)] clearly shows that having 
electric charge eo and our main parameter fixed we could easily obtain both massless 
limit m — > as well as flat limit k — > 0, in this no singularities arise. Recall that both in a 
simple illustrative example for massive spin 3/2 particle and in our main results for massive 
spin 2 particle the relations between electric charge, mass and cosmological term are such 
that electric charge becomes equal to zero at the boundary of unitary allowed regions in de 
Sitter space. It will be very interesting to understand whether it is a general feature or just 
peculiarity of lower spin cases. 

In this paper we restrict ourselves with the linear approximation, i.e. with the cubic 
vertices in the Lagrangian and linear in fields (hence the name) corrections to gauge trans- 
formations. Let us stress that results in this approximation do not depend on the presence of 
any other fields in the system so they are truly model independent. If one goes beyond linear 
approximation, then two types of corrections appear. From one hand, there will be terms 
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(both in the Lagrangian and gauge transformations) quadratic, cubic and so on in electro- 
magnetic field strength. Note that in a frame-like formulation linear approximation already 
contains at least part of such non-linear terms because algebraic equations for auxiliary fields 
look (symbolically): 

(1 + F)uo ~ Dh, (1 + F)C ~ DB 

But the most important corrections come from the fact that there are non-trivial transfor- 
mations for the e/m field itself. This, in turn, leads to the corrections quartic in spin 2 
field and it is the consistency of these corrections that may require introduction of (infinitely 
many) other fields to construct complete consistent theory. 

It is instructive to compare our results obtained here with the results of [731 [7H [75] . 
Authors also use gauge invariant description for massive particles, but they insist that the 
whole Lagrangian has to be written in terms of gauge invariant combination 

thus completely ignoring the possibility to consider non-minimal corrections for gauge trans- 
formations. Clearly, any Lagrangian constructed this way will be trivially gauge invariant, 
but the price is that it will contain too many derivatives. Moreover, it is clear that such 
gauge invariant formulation will be equivalent to the initial one and share all its problems. 
One of the well known problems that arise when one consider massive spin 2 particles in 
electromagnetic or gravitational background [241 [76] is the (re) appearance of sixth ghost 
degree of freedom. At the same time the model constructed in this paper has right number 
of physical degrees of freedom. 

For simplicity let us consider flat d — 4 Minkowski space and choose a unitary gauge 
Bfj, — 0, (p — 0. In this gauge the model looks like the usual non-gauge invariant theory for 
massive spin particle with the free Lagrangian: 

£o = ^/W^V - 
-^-(h^h, v -h 2 ) 



and linear part of non-minimal vertex having the form: 



DphapDahpJ — -DahpJDahpJ + D a hppDph a J+ 



+^WW - D^h v J{Dh)J - ^{Dh)j{Dh)J + 

By straightforward calculations we can show that all usual constraints do follow from the 
equations of motion. We obtain: 

D v^5£o_ + |A ) _ aop DaFf}ll + 2F ^ D a _ 2F ^D u g^ - F^D y g^}^- = 
oh^ 5h^ u 4 5h a p 
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= - m 2 (g^ - ^F^)((Dh) u - D u h) = 

where we have omitted all terms quadratic in as well as terms proportional to free e/m 
equation (DF)^ = as it is appropriate for linear approximation. Thus, though gauge in- 
variance for massive particles does not automatically guarantee the right number of physical 
degrees of freedom, it indeed can help to construct such models. To our opinion, the right 
way is to consider not only the most general non-minimal higher derivatives interactions, 
but also the most general non-minimal corrections to gauge transformations with the addi- 
tional requirement that algebra of gauge transformations closes. In this, the best strategy 
is to use minimal number of derivatives possible and avoid trivial solutions related with the 
substitution — > h^ v . It is interesting to note that the same cubic vertex 

C ~ DhFDh 



may be needed for the theory to be causal [77] . 

Now let us turn to the behavior of tree amplitudes at high energies. In non-gauge 
invariant description one has to work with the usual propagator for massive spin 2 particle 
which has the terms up to p ii p v p a pr jm 4 leading, in general, to a very bad high energy 
behavior. But for some very specific combinations of non-minimal terms one face a number of 
cancellations. They happen each time when divergency D^J^ or double divergency D^D u J fJLV 
of the "current" (for spin 2 it also is a second rank tensor) turn out to be proportional to 
free equations of motion because external legs are on shell. Thus to obtain the correct 
high energy behavior one have to make careful calculations with the full propagator and 
appropriate vertices. But as authors of [T3J, [7_U [75] teach us, there is a more simple and 
elegant way. Let us introduce auxiliary fields and (p and make our Lagrangian to be 
gauge invariant. Then working perturbatively we can always choose the gauge (analog of 
so-called renormalizable gauge for spontaneously broken Yang-Mills theories) where free 
Lagrangian is diagonal and we have three independent components h^, and <p all with 
the nice propagators l/(p 2 — m 2 ). Thus the behavior of amplitudes can be easily extracted 
right from the interacting Lagrangian expressed in terms of these fields. But as we have 
seen in this paper there are may be different ways to make the same initial Lagrangian to 
be gauge invariant and, as a result, such estimates may be drastically different. 

Let us take the model constructed here and consider simple tree level diagrams like the 
scattering of massive spin 2 particles due to one-photon exchange or Compton scattering. 
Then from the cubic vertices we will obtain for both amplitudes ep 3 (l/p 2 )ep 3 — *> e 2 p A , where 
ep 3 comes from the most hard vertex eDhFDh and 1/p 2 comes from propagators. But we 
have to take into account that both amplitudes will gain contributions from quartic vertices. 
The explicit structure of such vertices crucially depends on the presence or absence of other 
fields in the system. Let us suppose that we will not introduce any other fields (really it is 
a worst case because no wonderful cancellations can happen). Then having Argyres-Nappi 
vertex (e/m 2 )DhFDh and gauge transformation of the form 5h ~ FD£ and 5 A ~ DhD^, we 
will have to introduce at the quadratic approximation two type of quartic vertices. Firstly, 
we will have second Argyres-Nappi vertex (e 2 /m 4: )DhF 2 Dh which will produce the same 
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e 2 p 4 contribution to Compton scattering. Secondly, we will get quartic vertex of the form 
(e 2 /m 4 )(.D/i) 4 which will again produce the same e 2 p A contribution to one-photon exchange. 
Thus (leaving aside a tiny probability of some wonderful cancellation) we expect that both 
amplitudes will behave like e 2 p 4 at high energies. And it seems very natural that it is the 
model with the right number of physical degrees of freedom and without any ghosts that has 
the best high energy behavior (compare e.g. [78l 179] ). 
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